This study investigated the lateralizing value of neuropsychological testing in presurgical evaluation of mesial temporal lobe epilepsy (MTLE). This study differed from previous ones in that the cutoff values were determined to yield high positive predictive values (PPVs), multiple neuropsychological predictors were considered in combination, and patients with atypical language dominance or low intelligence were not excluded from the sample. The participants were 92 patients with MTLE (left, n ϭ 47; right, n ϭ 45) who showed good postoperative seizure control. With a stringent cutoff criterion, the multiple neuropsychological predictors considered in combination yielded a sensitivity of 15% and a PPV of 93%, and with a less stringent cutoff criterion, a sensitivity of 37% and a PPV of 83%.
This study addresses the issue of whether presurgical neuropsychological testing is of useful lateralizing value in mesial temporal lobe epilepsy (MTLE). Although neuropsychological testing is an integral part of presurgical evaluation in most epilepsy centers, its localizing-lateralizing significance has not been consistently supported (Jones-Gotman, Smith, & Zatorre, 1993; Kneebone, Chelune, & Lüders, 1997; Loring, Lee, & Meador, 1989) . Most prior relevant research attempted to lateralize MTLE on the basis of verbal versus nonverbal memory difference; research using measures of other cognitive domains does exist, but it is extremely rare (e.g., Hermann, Gold, et al., 1995) . The fundamental premise of the research using the difference between verbal and nonverbal memory performance is that the left and right mesial temporal regions are specialized for verbal and nonverbal mnestic functions, respectively. This premise is supported by evidence from studies of left versus right temporal surgery effects (e.g., Milner, 1975) , studies of hemispheric memory using intracarotid amobarbital procedure (IAP; e.g., Glosser, Saykin, Deutsch, O'Connor, & Sperling, 1995) , group studies of patients with left versus right MTLE (e.g., Delaney, Rosen, Mattson, & Novelly, 1980; , and, more recently, functional neuroimaging studies of material-specific memory (e.g., Golby et al., 2001 ). Thus, relative verbal memory deficits may reflect left mesial temporal lobe epileptic foci, whereas relative nonverbal memory impairments may reflect right mesial temporal lobe epileptic foci.
A representative set of prior studies concerning the lateralizing value of presurgical memory testing in temporal lobe epilepsy (TLE) is summarized in Table 1 . Prediction outcomes of these studies may be described in terms of diagnostic efficiency statistics. However, the standard definitions of diagnostic efficiency terms suppose a diagnostic aim of differentiating an abnormal state from a normal state (Elwood, 1993; Griner, Mayewski, Mushlin, & Greenland, 1981) . Thus, when a diagnostic aim is to differentiate two abnormal states, as in lateralizing epileptic foci, many diagnostic efficiency terms entail highly unconventional connotations. For example, some authors (Barr, 1997; Roman, Beniak, & Nugent, 1996; Wilde et al., 2001 ) have used the term sensitivity to indicate the proportion of patients with left TLE who are correctly classified and the term specificity to indicate the proportion of patients with right TLE who are correctly classified. One problem of this usage is that designation of one proportion as sensitivity and the other as specificity is completely arbitrary. A more serious problem is that both proportions represent sensitivity. That is, the proportion of patients with left TLE who are correctly classified represents sensitivity to left TLE and the proportion of patients with right TLE who are correctly classified represents sensitivity to right TLE. Thus, designating one or the other proportion as "specificity" is not proper and may even be misleading. Thus, there is a need to adapt the meanings of certain diagnostic efficiency terms to make them more suitable for the present context. Here and throughout this article sensitivity refers to the proportion of patients who are correctly classified into left and right epileptic groups by a test; positive predictive value (PPV) refers to the proportion of patients classified into left and right epileptic groups by a test who are truly left and right epileptic, respectively. To give a more formal definition, if a, b, and c represent the number of correct, false, and indeterminate classifications, respectively, sensitivity is equal to a/(a ϩ b ϩ c), and PPV is equal to a/(a ϩ b).
Some prior studies have reported multiple classification outcomes, reflecting the use of different cutoff values and, occasionally, the use of different memory tasks. In these studies, for simplicity of presentation, only one outcome, which yielded the highest PPV, was selected for inclusion in Table 1 . As can be seen in Table 1 , the prior studies have yielded widely differently estimates of the lateralizing value of presurgical memory testing.
Thus, the sensitivity values listed in Table 1 range from 9% to 83%, with the median value of 41%, and the PPVs range from 59% to 100%, with the median value of 71%. These differences in estimates are attributable to, among other things, differences in cutoff values, use-nonuse of indeterminate category, memory tasks, sample size, patient inclusion criteria, and "gold standard" for the correct lateralization (in the order of presumed diminishing significance). Although the lateralizing values listed in Table 1 are diverse, virtually all of them are vastly lower compared with those of the standard criteria of epileptic focus identification such as electroencephalography (EEG) and magnetic resonance imaging (MRI; e.g., Cascino et al., 1996; Gilliam et al., 1997) . For example, in 10 of 13 studies listed in Table 1 , the PPVs are less than 80%, which might be the bottom line of clinically acceptable PPV range (note that the PPVs were low in spite of the inclusion criterion biased toward high PPVs). From a clinical point of view, the generally low PPVs are particularly problematic because false lateralization could result in serious negative impact on patient management, such as more invasive monitoring of seizures, more restricted resection of the epileptic area, or even denial of surgery at some epilepsy centers, as noted by Loring et al. (1997) . Of the studies listed in Table 1 , only three (Loring, Lee, Martin, & Meador, 1988; Wilde et al., 2001) reported a PPV exceeding 80%. However, in two of the three, the sample size was relatively small. In the remaining study (Wilde et al., 2001) , although the PPV was high (93%), the sensitivity was only 13%. Thus, results of prior studies indicate that presurgical memory testing is, at best, of modest lateralizing value in presurgical evaluation of MTLE. Of particular significance is the fact that lateralization by memory testing, at least in the way it was performed in prior studies, is often associated with a high rate of misleading or false lateralization.
The present study of lateralizing value of neuropsychological testing was different from prior ones in the following respects. First, the present study determined the cutoff values to yield high PPVs, whereas most prior studies determined the cutoff values to yield high sensitivity values. For example, many prior studies used a discriminant function analysis (DFA; Kneebone et al., 1997; Moser et al., 2000; Piguet, Saling, O'Shea, Berkovic, & Bladin, 1994) or a receiver operating characteristics analysis to determine the optimal cutoff values (Barr, 1997; Baxendale, Thompson, van Paesschen, 1998; Hermann, Connell, Barr, & Wyler, 1995; Wilde et al., 2001) . In these studies, the optimal cutoff values were determined in the sense that the highest number of patients were correctly classified, that is, in the sense of the highest sensitivity.
The cutoff values that yield high sensitivity values should lead to poor PPV, reflecting trade-off between sensitivity and PPV. In general, a low sensitivity value is associated with a high PPV, reflecting a stringent cutoff criterion, whereas a high sensitivity value is associated with a low PPV, reflecting a less stringent criterion.
1 Given the potential negative impact on patient management associated with false lateralization, a clinically sensible ap-1 This trade-off between sensitivity and PPV, depending on different cutoff values, holds when the classification decision is trichotomous (left, right, indeterminate) . When the classification decision is dichotomous (left, right), excluding the indeterminate category as in certain prior studies (see Table 1 ), sensitivity and PPV, as defined in this article, are necessarily identical. Thus, with dichotomous classification, there is a perfect, but trivial, positive correlation between sensitivity and PPV. proach in determining the cutoff values may be to "target for" high PPV at the expense of reduced sensitivity rather than to target for high sensitivity at the cost of lowered PPV, as most prior research does. Low sensitivity, although not desirable, is clinically more acceptable than low PPV, because neuropsychological testing is never the sole provider of lateralizing information in presurgical evaluation of MTLE. Second, the present study attempted to lateralize MTLE on the basis of multiple neuropsychological predictors, whereas most prior studies attempted to lateralize MTLE on the basis of a single neuropsychological predictor, that is, a material-specific memory index. More specifically, three neuropsychological indexes-a material-specific intelligence index, a material-specific memory index, and a handedness index-were used. Although we did perform separate evaluation of the lateralizing value of each index, our main interest was to evaluate the lateralizing value of the three indexes considered in combination. Lateralizing information from the three indexes should be at least partially independent of each other. Thus, we expected that the lateralizing value of the three indexes considered in combination would be higher than the lateralizing value of each index considered in isolation. Only a very few prior studies (Constantinidis et al., 1996; Saint-Hilaire, Richer, Turmel, Rouleau, & Bouvier, 1991; Williamson et al., 1993) have investigated the lateralizing value of multiple neuropsychological predictors considered in combination. This may reflect the fact that the goal of many of the prior studies was to study the lateralizing value of a particular memory test rather than to arrive at a final classification of patients. Most of the prior studies using multiple neuropsychological predictors have failed to specify how the multiple predictors were combined or even which specific predictors were used. A rare exception is a recent study reported by Moser et al. (2000) in which five neuropsychological indexes (i.e., verbal memory, visual memory, language, visuoconstructive, and motor) were combined by means of a DFA. The DFA provided correct prediction of seizure laterality in 66% of cases, with a false lateralization rate of 34%. The high false lateralization rate suggests that when high PPVs rather than high sensitivity values are targeted, a DFA may not be an ideal method for combining multiple predictors.
And last, the present study did not exclude patients with atypical language dominance or low intelligence from the patient sample, whereas many prior studies excluded such patients from the patient pool (e.g., Barr, 1997; Breier et al., 1997; Hermann, Connell, et al., 1995; Loring et al., 1989; Naugle, Chelune, Schuster, Lüders, & Comair, 1994; Sawrie et al., 2001) . Exclusion of patients with atypical language dominance is not wholly unreasonable, given the possibility that the fundamental premise-left and right mesial temporal regions are specialized for verbal and nonverbal memory processes, respectively-may be violated in the population with MTLE and atypical language dominance. Nevertheless, the exclusion criterion is problematic because it interferes with independent evaluation of the lateralizing value of neuropsychological testing from (IAP). In the present study, patients with atypical language dominance were not excluded from the sample used for evaluation of the lateralizing value of neuropsychological testing separately from IAP. Exclusion of patients with low intelligence is also not wholly unreasonable given the possibility that reliability and validity of neuropsychological indexes may be especially low in the population with MTLE and low intelligence. However, it is not very difficult to discern that this practice could inflate the lateralizing value of neuropsychological testing.
Method

Participants
The participants were 92 patients who have ultimately undergone the left or right mesial temporal lobe surgery for treatment of medically intractable epilepsy of unilateral mesial temporal origin. They were retrospectively selected from a consecutive series of patients undergoing mesial temporal lobe surgery in an epilepsy surgery center in Korea who met the following criteria: (a) completion of relevant neuropsychological measures (described below) as part of presurgical workup, (b) no evidence of spaceoccupying structural lesions on MRI scanning other than hippocampal atrophy (e.g., tumor, arteriovenous malformation, infarct, schizencephalopathy), and (c) seizure-free or near seizure-free status (Class I or II; Engel, van Ness, Rasmussen, & Ojemann, 1993) at 1-year postsurgery follow-up. The last criterion was included as a means of establishing a gold standard of the correct localization-lateralization of the epileptic foci. Class II as well as Class I type patients were included, because restriction to Class I type patients only was felt to be an overly conservative criterion. All participants had their seizure onset lateralized to a single mesial temporal lobe in a presurgical evaluation. The presurgical evaluation included seizure semiology, prolonged interictal and ictal video-EEG from scalp-sphenoidal electrodes, MRI scanning, interictal single-photon emission computed tomography, IAP, neuropsychological testing, and, if necessary (n ϭ 17), EEG from chronically implanted bilateral subdural strip electrodes. Of the 92 participants, 47 had left mesial temporal lobe epileptic foci and 45 had right mesial temporal lobe epileptic foci. The mean age at the time of testing was 28.9 years (SD ϭ 6.9 years). The mean Full-Scale IQ (FSIQ) was 83.0 (SD ϭ 14.0). The number of patients with FSIQ less than 70 was 16 (17%).
Tests and Procedure
Intelligence test. Each participant completed the K-Wechsler Adult Intelligence Scale (K-WAIS; Yeom, Park, Oh, Kim, & Lee, 1992) , a Korean version of the WAIS-Revised, as part of the presurgical workup. The structure and pattern of the K-WAIS are the same as those of the WAIS-Revised (Wechsler, 1981) , although some items (e.g., questions about American national symbols) were changed to make them suitable for Korean participants. The K-WAIS standardization sample consisted of 1,396 healthy adult men and women, ranging in age from 16 to 64 years. Only 9 of 11 subtests of the K-WAIS, excluding the Vocabulary and Picture Arrangement subtests, were administered so as to shorten the testing time. For each individual patient, an intelligence laterality index (LI) was computed in the following way. First, a verbal comprehension index (VCI) was derived from Information, Comprehension, and Similarities subtest scores, and a perceptual organization index (POI) was derived from Picture Completion, Block Design, and Object Assembly subtest scores. The derivations were based on the conversion tables provided in Kim's (2002) study. The VCI and POI each had a normative mean of 100 and a standard deviation of 15. Second, an intelligence LI was computed by subtracting the POI from the VCI. Individual patient classification of seizure laterality was trichotomous (left, right, indeterminate) based on two cutoff values (upper, lower). The upper and lower cutoff values were always positive and negative, respectively, and the absolute values were always the same (e.g., upper cutoff value ϭ 10, lower cutoff value ϭ Ϫ10). The classification rule was as follows: If a patient's intelligence LI was equal to or above the chosen upper cutoff point, right MTLE was predicted; if the LI was equal to or below the chosen lower cutoff point, left MTLE was predicted; and if the LI was between the upper and lower cutoff points, no specific prediction was made with regard to seizure laterality (i.e., indeterminate).
Memory test. The Rey-Kim Memory Test (RKMT; Kim, 1999) was administered to each participant as part of the presurgical workup. In RKMT, verbal memory performance is assessed by the K-Auditory Verbal Learning Test (KAVLT), a Korean version of the Rey Auditory Verbal Learning Test (Rey, 1964) , and nonverbal memory performance is assessed by K-Complex Figure Test (KCFT), a Korean version of the Rey Complex Figure Test (Rey, 1941) . The RKMT standardization sample included a total of 201 healthy adult men and women, ranging in age from 16 to 64 years. The KAVLT required serial learning of a list of 15 unrelated words over five consecutive trials, with each trial being followed by immediate recall. After a delay period of 20 min, the patient was again required to recall the 15 words. Following completion of the delayed recall, the patient was presented with a list of 50 words and required to choose 15 words that were in the original list spoken by the examiner. The KCFT was essentially identical to a standard version of the Rey Complex Figure Test (Lezak, 1983) . The patient was required to copy the figure as accurately as possible with no time limit imposed. An immediate recall trial was administered following completion of the figure copy. After a delay period of 20 min, the patient was again required to recall the figure. All KCFT productions were scored according to a standard version of the 36-point scoring system (Lezak, 1983) . For each individual patient, a memory LI was computed in the following way: First, the four raw scores-KAVLT total immediate recall (i.e., the sum of Trials I through V), KAVLT delayed recall, KCFT immediate recall, and KCFT delayed recall-were each transformed to scaled scores with a normative mean of 10 and a standard deviation of 3. This transformation was done using the conversion tables provided in the RKMT manual (Kim, 1999) . Second, a KAVLT total score was computed as the sum of scaled scores of KAVLT total immediate recall and KAVLT delayed recall. A KCFT total score was computed as the sum of scaled scores of KCFT immediate recall and KCFT delayed recall. And last, a memory LI was computed by subtracting the KCFT total score from the KAVLT total score. The classification rule was similar to that described for the intelligence LI: If a patient's memory LI was equal to or above the chosen upper cutoff point, right MTLE was predicted; if the LI was equal to or below the chosen lower cutoff point, left MTLE was predicted; and if the LI was between the upper and lower cutoff points, no specific prediction was made with regard to seizure laterality.
Handedness test. Each participant completed a Korean translation of the 13-item handedness questionnaire originally developed by Chapman and Chapman (1987) as part of the presurgical workup. Participants indicated whether they prefer to use the right hand, left hand, or either for each item on the questionnaire. When they were not sure of their hand preference, they performed the action to make sure. A handedness LI was computed by subtracting the number of left-hand preference items from the number of right-hand preference items. Thus, the handedness LI ranged from Ϫ13 (completely left-handed) to 13 (completely right-handed). Although left-handedness has some predictive value for left epileptic foci, right-handedness has virtually no predictive value for right epileptic foci. Thus, we chose to utilize the handedness LI as a unidirectional predictor of left epileptic foci. The classification was based on a single cutoff value. If a patient's handedness LI was equal to or below the chosen cutoff point, left MTLE was predicted, and otherwise (i.e., if the LI was above the chosen cutoff point), no specific decision was made with respect to seizure laterality (i.e., indeterminate).
IAP. IAP data were available for 85 of 92 participants. The IAP was conducted as part of the presurgical workup, with the patient supine, immediately following angiography. Amobarbital, 125 mg in a 10% solution, was injected into the internal carotid artery using a transfemoral catheter over a 4 -5 s interval. In most patients, the side considered for resection was injected first. Left-and right-hemisphere injections were done on the same day with a minimum of 40 min between the two injections. Following demonstration of hemiplegia, the patient was presented with a series of language tasks that lasted approximately 60 to 90 s. The core language tasks included following a simple command, reading a short sentence, naming a picture, and repeating a phrase spoken by the examiner. On the basis of the results of IAP language testing, hemisphere language dominance was categorized into three types, that is, left, bilateral, and right. Left-hemisphere language dominance was conservatively defined by classifying only patients who displayed exclusive or near-exclusive left-hemisphere competence in all core language tasks. A similarly conservative criterion, but opposite in direction, was used for classifying right-hemisphere language dominance. The number of patients classified into the left-hemisphere, bilateral, and right-hemisphere dominance groups were 58 (68%), 18 (21%), and 9 (11%), respectively.
Results
Group Comparisons
The left and right MTLE groups were compared on several demographic and clinical characteristics. Group differences were examined by F tests for continuous variables and by 2 tests for categorical variables. The results are shown in Table 2 . The left and right MTLE groups were not significantly different in any of the variables listed in Table 2 , ps Ͼ .05, except hemispheric language dominance, p Ͻ .001. The incidence of left, bilateral, and right language dominance was 46%, 36%, and 18% in the left MTLE group and 93%, 5%, and 2% in the right MTLE group, respectively. Thus, left MTLE was associated with an increased incidence of atypical language dominance compared with right MTLE, as reported in many prior studies (e.g., Woods, Dodrill, & Ojemann, 1988) .
The left and right MTLE groups were compared on the neuropsychological test scores using F tests. The results are shown in Table 3 . The left and right MTLE groups did not significantly differ in the VCI, POI, KAVLT total score, or KCFT total score, ps Ͼ .05. Thus, the left and right MTLE groups failed to show a significant difference in the absolute measure of material-specific intelligence or material-specific memory. However, the left and right MTLE groups differed significantly in the intelligence LI, p Ͻ .001, and the memory LI, p Ͻ .05. Thus, the left and right MTLE groups were significantly different in the relative measure of material-specific intelligence and material-specific memory. In both the intelligence and memory LIs, the mean of the left MTLE group was displaced toward the negative direction (i.e., lower verbal than nonverbal functions) relative to the mean of the right MTLE group. The left and right MTLE groups were also significantly different in the handedness LI, p Ͻ .05. This difference reflected a raised incidence of left-handedness in the left MTLE group relative to the right MTLE group.
Classification by a Single Predictor
Individual patient classification of seizure laterality was first performed on the basis of each LI considered in isolation. For each LI, each score with the frequency of at least 1 was treated as a separate cutoff, and sensitivity and PPV were examined for a series of cutoff values. The series of sensitivity and PPVs are represented graphically in Figure 1 . As seen in Figure 1 , there was a significant negative correlation between sensitivity and PPV for each LI: intelligence LI, r(28) ϭ Ϫ.95, p Ͻ .001; memory LI, r(10) ϭ Ϫ.71, p Ͻ .05; and handedness LI, r(13) ϭ Ϫ.70, p Ͻ .01. Two approaches were undertaken to determine the optimal cutoff values. In the high accuracy approach, we determined a priori that cutoff values with PPV exceeding 90% and the highest accompanying level of sensitivity would be most appropriate. In the moderate accuracy approach, we determined a priori that cutoff values with PPV exceeding 80% and the highest accompanying level of sensitivity would be most appropriate. Table 4 shows the optimal cutoff values thus determined and the associated diagnostic efficiency statistics. For the high accuracy approach, the optimal cutoff values for the intelligence, memory, and handedness LIs were x Ն ͉22͉ (i.e., lower cutoff ϭ Ϫ22, upper cutoff ϭ 22), x Ն ͉12͉, and x Յ Ϫ7, respectively. With these cutoffs, the intelligence, memory, and handedness LIs yielded PPVs of 91%, 100%, and 100%, and sensitivities of 11%, 2%, and 3%, respectively. For the moderate accuracy approach, the optimal cutoff values for the intelligence, memory, and handedness LIs were x Ն ͉15͉, x Ն ͉9͉, and x Յ 3, respectively. With these cutoffs, the intelligence, memory, and handedness LIs yielded PPVs of 80%, 80%, and 82%, and sensitivities of 26%, 9%, and 10%, respectively. Pairwise comparisons of the LIs in sensitivity (i.e., the proportion of correct classification) were performed using the McNemar Test (Siegel, 1956 ). These analyses were limited to the moderate accuracy approach because some cells in the high accuracy approach had extremely small counts. The intelligence LI showed a significantly higher sensitivity compared with the 
Classification by Multiple Predictors
Individual patient classification of seizure laterality was performed on the basis of the three LIs considered in combination. The overall test result was considered to be lateralizing if any one (or more) of the individual LIs was lateralizing. If any two (or more) of the individual LIs were lateralizing, but in the opposite direction, the overall test result was considered to be indeterminate. The results are illustrated in Figure 2 . With the set of cutoff values determined for the high accuracy approach, a lateralizing or diagnostic result was obtained in 16% of patients. In 93% of these, the prediction was correct and in 7% it was false, yielding a sensitivity of 15% and a PPV of 93%. Of the 14 patients correctly classified, only 1 had a lateralizing result in two LIs and no patient had a lateralizing result in all three LIs. The three LIs considered in combination showed a significantly higher sensitivity compared with the memory LI considered alone, z ϭ 3.46, p Ͻ .001, or with the handedness LI considered alone, z ϭ 3.32, p Ͻ .001. The three LIs considered in combination showed a nonsignificantly higher sensitivity compared with the intelligence LI considered in isolation, z ϭ 2.00, p ϭ .063.
With the set of cutoff values determined for the moderate accuracy approach, a lateralizing result was obtained in 45% of patients. In 83% of these, the prediction was correct and in 17% it was false, yielding a sensitivity of 37% and a PPV of 83%. Of the 34 patients correctly classified, only 4 had a lateralizing result in two LIs and no patient had a lateralizing result in all three LIs.
The three LIs considered in combination showed a significantly higher sensitivity compared with the intelligence LI considered alone, z ϭ 2.89, p Ͻ .01, with the memory LI considered alone, z ϭ 4.91, p Ͻ .001, or with the handedness LI considered alone, z ϭ 4.81, p Ͻ .001.
2 A DFA was also performed as an alternative to our original approach for combining the three LIs. The intelligence, memory, and handedness LIs were entered as predictors into the DFA with seizure laterality (left, right) as the criterion. The DFA provided correct prediction in 61 cases and false prediction in 31. Thus, the DFA provided more sensitive classification of seizure laterality than did our original approach, but its PPV (66%) was unacceptably low.
A limitation of the present approach is that the set of cutoff values derived from data obtained from a group of patients was applied to classification of the members of the same group. Thus, each patient influenced his or her own classification, possibly inflating the lateralizing value of the present classification method. Thus, the present set of cutoff values, if prospectively applied to another sample, may yield lower lateralizing values than the present results indicate. In order to "simulate" a prospective application, the present sample was divided into two groups by classifying odd-numbered patients into one group (Sample I; n ϭ 46) and even-numbered patients into the other (Sample II; n ϭ 46). Sample I consisted of 22 patients with left MTLE and 24 patients with right MTLE, and Sample II consisted of 25 patients with left MTLE and 21 patients with right MTLE. Within Sample I, the optimal cutoff values for the high accuracy approach were x Ն ͉19͉ for the intelligence LI, x Ն ͉12͉ for the memory LI, and x Յ 3 for the handedness LI, respectively. Within Sample I, this set of cutoff values yielded a sensitivity of 33% and a PPV of 94%. However, when applied to Sample II, the set of cutoff values yielded 20% sensitivity and 82% PPV. These results, although considered preliminary because of the relatively small size of each split sample, do suggest that prospective applications yield lower lateralizing values than the same-group applications may suggest.
Variables Associated With Classification Outcome
It is of considerable interest whether correct-false lateralization by neuropsychological testing is associated with any demographic or clinical variables. Analyses of this issue would be limited to the moderate accuracy approach, unless otherwise noted. The left versus right MTLE groups were significantly different in classification outcome, 2 (2, N ϭ 92) ϭ 10.95, p Ͻ .01. As seen in the upper part of Table 5 , left MTLE was associated with a higher incidence of correct classification compared with right MTLE. To investigate the source of this difference, the left versus right MTLE groups were compared in classification outcome, with each predictor considered in isolation. The association between seizure Figure 1 . Sensitivity and positive predictive values (PPVs) for a series of cutoff scores using the intelligence laterality index (LI) as the predictor, the memory LI as the predictor, and the handedness LI as the predictor, respectively. For each LI, each score with a frequency of at least 1 was treated as a separate cutoff. laterality and classification outcome was significant with the handedness LI as the predictor, 2 (2, N ϭ 92) ϭ 11.27, p Ͻ .01, but not with the intelligence LI as the predictor, nor with the memory LI as the predictor, ps Ͼ .05. Thus, more correct classification of left than right MTLE was attributable, to a large extent, to inclusion of the handedness LI as one of the predictors.
The middle part of Table 5 shows the incidence of correct, false, and indeterminate classification in the group with lefthemisphere language dominance (n ϭ 58) versus the group with non-left-hemisphere (i.e., right or bilateral) language dominance (n ϭ 27). The two groups were not significantly different in classification outcome, 2 (2, N ϭ 85) ϭ 3.79, p Ͼ .10. With the high accuracy approach, only one patient was falsely classified. This falsely classified patient had left MTLE. Despite left-sided dysfunction, this patient showed much higher VCI compared with POI (90 vs. 68). It is noteworthy that this patient was right-hemisphere dominant for language, as determined by the IAP. The "reversed" VCI versus POI discrepancy shown by this patient is reminiscent of the crowding hypothesis (Levy, 1969) . According to this hypothesis, interhemispheric transfer of language functions to the right hemisphere "crowds out" visuospatial functions.
The lower part of Table 5 shows the incidence of correct, false, and indeterminate classification in the group with FSIQ Ն 70 (n ϭ 76) versus the group with FSIQ Ͻ 70 (n ϭ 16). The two groups were not significantly different in classification outcome, 2 (2, N ϭ 92) ϭ 1.33, p Ͼ .50. The patients correctly (n ϭ 34), falsely (n ϭ 7), and indeterminately classified (n ϭ 51) in the moderate accuracy approach were also compared in terms of age, years of education, gender ratio, onset age of recurrent seizures, duration of seizures, presence or absence of febrile convulsions, and 1-year postsurgery outcome (Class I, II). The three groups were not significantly different in any of these variables, ps Ͼ .05.
Discussion
The aim of this study was to evaluate the lateralizing value of presurgical neuropsychological testing in MTLE. One of the main differences between the present and prior studies was the way the optimal cutoffs were determined. The present study determined the optimal cutoffs to yield high PPVs, whereas most prior studies determined the optimal cutoffs to yield high sensitivity values. Because sensitivity and PPV are negatively correlated, it is impos- sible to maximize both indexes simultaneously, but one index should be emphasized at the expense of the other. As we described before, false lateralization could result in serious negative impact on patient management and thus should be avoided as much as possible. Low sensitivity, although not desirable, is clinically more acceptable because it can be (and is) addressed by including other more sensitive tests of seizure laterality such as EEG and MRI. Thus, it is our belief that lateralization by neuropsychological testing should be done in a manner that minimizes false lateralization rate (or maximizes PPV). When lateralization was done in such a manner using a stringent cutoff criterion, the classification outcome showed a 15% level of sensitivity and a 93% level of PPV. With a less stringent criterion, the classification outcome indicated a 37% level of sensitivity and an 83% level of PPV. These results show that lateralization of epileptic foci by neuropsychological testing could achieve clinically acceptable levels of PPV. However, the accompanying sensitivity values were vastly lower relative to those of the standard criterion of epileptic focus identification. To give an example for comparison, recent estimates of the lateralizing value of MRI in MTLE suggest a 60% to 80% level of sensitivity, with accompanying PPVs usually exceeding 90% (e.g., Cascino et al., 1996; Gilliam et al., 1997) . The other main difference between the present and prior studies was that the present study utilized multiple neuropsychological predictors, whereas most prior studies used a single neuropsychological predictor. The multiple predictors considered in combination showed a significantly higher sensitivity than each predictor considered in isolation, with little difference in PPVs. Thus, use of multiple predictors provides an effective means of improving the lateralizing value of neuropsychological testing, with no loss of PPVs. In the present study, the combined test result was considered to be lateralizing if any one (or more) of the individual LIs was lateralizing. Of course, this is not the only way that lateralizing information from multiple predictors could be combined. For example, the combined test result might be considered to be lateralizing if and only if all individual predictors were lateralizing in the same direction (e.g., Loring, Lee, Martin, & Meador, 1988) . However, this method could be overly conservative, especially when the cutoff values for individual predictors are conservative themselves, as in the present study. Thus, in the present study, no patient showed a lateralizing test result in all three LIs. Another possible way of combining lateralizing information from multiple predictors is by means of a DFA. However, this statistical technique yielded a disappointingly low level of PPV (66%; see also Moser et al., 2000) . The low levels of PPVs reflect the fact that the optimal cutoffs in a DFA are determined in the sense of the highest sensitivity. In addition, classification in a DFA is dichotomous, excluding the indeterminate category. There is an extensive degree of overlap between the scores of patients with left MTLE versus patients with right MTLE in virtually all neuropsychological tests (Baxendale et al., 1998) . Thus, when seizure laterality is predicted on the basis of neuropsychological testing, nonuse of the indeterminate category imposes a severe limitation on the size of the PPV that can be achieved. Thus, dichotomous classification is of limited applicability in so far as high PPVs are given primary importance.
The present results indicate that the sensitivity of the intelligence LI is significantly higher than the sensitivity of the memory LI. A possible interpretation of this finding is that a materialspecific intelligence index is more sensitive to lateralized MTLE than is a material-specific memory index. However, this interpretation may not be warranted, given the fact that the intelligence LI was formed on the basis of six tasks, whereas the memory LI was constructed on the basis of only two tasks. Thus, the differential sensitivity values could reflect factors such as psychometric reliability rather than a true difference in sensitivity between a material-specific intelligence index versus a material-specific memory index. In addition, the KAVLT and KCFT not only differed in terms of the materials used, but also in other aspects such as memorization of familiar versus unfamiliar material and multipletrial versus single-trial learning, which may not be lateralized. However, the finding that not only a material-specific memory index but also a material-specific intelligence index is of lateralizing value should come as no surprise. A growing body of evidence indicates that brain abnormalities in MTLE, even in well-defined cases of unilateral MTLE, are not limited to the mesial temporal region but extend into widespread areas of extrahippocampal temporal and extratemporal regions. This evidence is known from position emission tomography (Henry, Mazziotta, & Engel, 1993; Jokeit et al., 1997) , single-photon emission computed tomography (SPECT; Yune et al., 1998) , and quantitative MRI (e.g., Briellmann, Jackson, Kalnins, & Berkovic, 1998; DeCarli et al., 1998; Moran, Lemieux, Kitchen, Fish, & Shorvon, 2001 ). The abnormal extratemporal regions, although variable across patients with MTLE, are extremely widespread, including the frontal and parietal lobes, the basal ganglia, the thalamus, and the limbic system. More specifically relevant for the present purpose, the extratemporal abnormalities in MTLE are usually more severe on the ipsilateral than on the contralateral side of the epileptogenic region. The more severe ipsilateral abnormalities may reflect an asymmetric disease process associated with unilateral MTLE. Thus, there is reason to expect that lateralized cognitive deficits in MTLE may not be limited to the learning-memory domain but include more global intelligence functions.
3
The data from the present study also show that the handedness LI is of lateralizing value in at least some patients with MTLE. The lateralizing value of the handedness LI is derived from the fact that some patients with left MTLE, but virtually no patients with right MTLE, preferred left-hand usage for everyday activities. In the present study, the sensitivity of the handedness LI was relatively high, given that its sensitivity, despite its use as a unidirectional indicator, was comparable to the sensitivity of the memory LI. However, this finding may be, at least to some extent, specific to the Korean MTLE population. Korea is one of the countries in which cultural bias against use of the left hand remains strong (Kang, 1994; Kim, Yi, Son, & Kim, 2001; Perelle & Ehrman, 1994) . For example, Kang (1994) reported that of 853 Korean college students, only 0.59% and 1.66% were non-right-handed for writing and drawing, respectively. This rare occurrence of lefthandedness in the normal population increases the specificity of left-handedness as an indicator of early left-brain injury. Thus, the lateralizing value of a handedness index may not be as high as that reported in the present study in places where cultural bias against left-hand use is not as strong as in Korea.
The present study involves many methodological limitations. First, the set of cutoffs derived from data obtained from a group of patients was applied to classification of the members of that group. This same-group application is problematic because each patient is influencing his or her own classification, presumably inflating the lateralizing value of the present classification method. In fact, when we simulated a prospective application, deriving the cutoffs from half of the sample and applying them to the other half, the obtained sensitivity value and PPV were considerably lower than those obtained for the same-group application. Although this simulated analysis was limited because of the relatively small size of each split sample, overall trends of the data may be similar even when larger samples are used. Second, the present patient sample was restricted to those with good postoperative seizure control. Although the purpose of this restriction was to establish the ultimate standard for correct localization-lateralization of seizure foci, it may have led to the elimination of certain cases with less clear side-of-seizure foci. Thus, the restriction may have resulted in inflation of the lateralizing value of the present classification method. Third, the focus of the present study was quite circumscribed in that localization of seizure foci was given as a "predetermined" fact and only lateralization was at issue. However, in most real clinical settings, both localization and lateralization of seizure foci would be simultaneously at the diagnostic issue. Given these methodological limitations of the present study, further studies of the localizing-lateralizing value of neuropsychological testing, with more methodological sophistication, are needed.
In conclusion, the ideal neuropsychological test for lateralizing MTLE is one in which there is no overlap between the scores of patients with left MTLE versus those of patients with right MTLE. However, in reality, there is an extensive degree of overlap between these two sets of scores in virtually all neuropsychological tests, which points to the fact that neuropsychological performance is not solely determined by the location of lesions but also by other factors such as predisposition for certain ability, education, motivation, and attention. Given the large overlap between the scores of these two sets of patients, lateralization by neuropsychological testing, to be clinically useful, should be based on a certain, well-founded strategy. The present study proposed a strategy in which the cutoff values are determined to yield high PPVs, and multiple neuropsychological predictors are considered in combination. This strategy was successful to the extent that high PPVs were obtained and the multiple predictors considered in combination yielded a higher sensitivity value than each predictor considered in isolation. However, the sensitivity values were vastly lower compared with those of the standard criteria of lateralization such as EEG and MRI. Thus, the overall results of the present study indicate the useful, but ultimately limited, value of neuropsychological testing in lateralizing MTLE. However, this does not undermine our basic premise that lateralization by neuropsychological testing should be done in a manner that maximizes PPV at the expense of reduced sensitivity. Finally, it should be remembered that neuropsychological testing, although modest in lateralizing value, serves other unique, valuable functions in the presurgical workup, such as baseline measurement and diagnosis of cognitive dysfunction. Moreover, in certain cases, a neuropsychological finding that is discordant with EEG and MRI results might be of some predictive value for poor postoperative memory functioning or seizure outcome. Thus, the modest lateralizing value of neuropsychological testing does not preclude its clinical utility in presurgical evaluation.
